Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is considered an attractive anticancer agent due to its tumor cell-specific cytotoxicity. However, its low stability, solubility, unexpected side effects, and weak pharmacokinetic profiles restrict its successful clinical application. To develop efficient TRAILbased anticancer biotherapeutics, a new version of trimeric TRAIL was constructed by incorporating trimerforming zipper sequences (HZ-TRAIL), and then NH 2 -terminal-specific PEGylation was done to produce PEGylated TRAIL (PEG-HZ-TRAIL). The biological, physicochemical, and pharmaceutical characteristics of PEG-HZ-TRAIL were then investigated using various in vitro and in vivo experiments, including a cell-based cytotoxicity test, a solubility test, pharmacokinetic analysis, and antitumor efficacy evaluations. Although slight activity loss occurred after PEGylation, PEG-HZ-TRAIL showed excellent tumor cell-specific cytotoxic effects via apoptotic pathways with negligible normal cell toxicity. The stability and pharmacokinetic problems of HZ-TRAIL were successfully overcome by PEGylation. Furthermore, in vivo antitumor tests revealed that PEG-HZ-TRAIL treatment enhanced therapeutic potentials compared with HZ-TRAIL in tumor xenograft animal models, and these enhancements were attributed to its better pharmacokinetic properties and tumor-targeting performance. These findings show that PEG-HZ-TRAIL administration provides an effective antitumor treatment, which exhibits superior tumor targeting and better inhibits tumor growth, and suggest that PEG-HZ-TRAIL should be considered a potential candidate for antitumor biotherapy.
Introduction
Of the various biological and molecular targets for successful cancer therapy, tumor cell-specific apoptosis is considered a promising approach for development of efficient anticancer therapeutics (1, 2) . Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a member of the TNF cytokine superfamily (members of which promote general cell death through extrinsic apoptosis pathways), is considered an optimal candidate for cancer therapy due to its tumor cell specificity and negligible normal cell cytotoxicity (3) (4) (5) (6) (7) (8) . Among the five TRAIL receptors discovered to date, death receptors 4 (DR4) and 5 (DR5) are connected with the cytoplasmic death domain, and this binding is responsible for transducing the cell death signaling (4) (5) (6) . TRAIL to DR4 or DR5 bindings leads to recruitment of an adaptor molecule, Fas-associated death domain, which then signals tumor cell death via caspase-dependent apoptotic pathways (3) (4) (5) (6) . Therefore, numerous researchers have focused on the use of TRAIL for tumor therapy alone or in combination with conventional anticancer strategies, such as chemotherapies and radiotherapies (2, 9) . Besides its characteristic antitumor activity, the TRAIL also acts as a negative regulator of erythropoiesis and an anti-inflammatory modulator in vascular biology and physiopathology (10) (11) (12) .
Although TRAIL treatment has shown excellent therapeutic potential on a broad spectrum of human cancers, recombinant soluble TRAIL has several severe limitations, such as its hepatotoxicity (13) (14) (15) , weak pharmacokinetic characteristics, such as a short biological half-life and rapid renal elimination (16, 17) , its instability in physiologic environments, and its inability to form a homotrimeric structure, which is known to substantially augment its antitumor effect (18) (19) (20) . To address these obstacles, several researches have focused on the development of TRAIL derivatives containing trimer-forming zipper sequences to facilitate active homotrimer formation (18, 19) or to enhance its tumor-targeting characteristics by introducing tumor-recognizing motifs (21) (22) (23) . Other strategies, such as enhanced death receptor selectivity (DR4 and/or DR5) to increase antitumor specificity, have also been tried to develop novel proapoptotic receptor agonists, such as DR5-specific TRAIL variants by sitedirected mutagenesis or death receptor-specific monoclonal antibodies (24, 25) . However, although these investigations have shown excellent in vitro and in vivo antitumor activities, there still remains a strong demand for pharmaceutically improved TRAIL derivatives with better physicochemical and pharmacokinetic characteristics.
We considered that the PEGylation of TRAIL or TRAIL variants might provide an effective means of enhancing its pharmaceutical properties. PEGylation is a process involving the covalent attachment of polyethylene glycol (PEG) polymer chains to various biomolecules, such as peptides, proteins, and antibody fragments, and the resulting PEGylated analogues generally show better pharmaceutical and therapeutic efficiencies (26, 27) . In addition, site-specific PEGylation of bioactive proteins or peptides achieves many desirable characteristics, such as enhanced therapeutic potential, uniform product compositions, and high production yields with minimal activity loss (28) (29) (30) (31) . Therefore, in the present study, we constructed a new TRAIL derivative using site-specific NH 2 -terminal PEGylation of a TRAIL variant possessing trimer-forming zipper sequences. In addition, we did physicochemical, pharmaceutical, and pharmacokinetic characterizations and evaluated its biological and tumoricidal activities, tumor-targeting efficacy, clearance kinetics, and biodistribution in vitro and in vivo.
Materials and Methods

Purification of active TRAIL
An active TRAIL variant possessing an NH 2 -terminal histidine tag and trimer-forming zipper sequences [6xHis-ILZ-hTRAIL(114-281), hereafter referred to as HZ-TRAIL] was produced in Escherichia coli using pET23dw-His-ILZ-hTRAIL expression vector, as previously described (32, 33) . Briefly, after amplification in E. coli, HZ-TRAIL expression was induced using isopropyl-L-thio-B-D-galactopyranoside (1 mmol/L, 7 h at 27°C). Harvested cells were lysed and soluble HZ-TRAIL was purified by Ni-affinity chromatography (by sequentially washing with 50 and 100 mmol/L imidazole and eluting with 500 mmol/L imidazole). Finally, active trimeric HZ-TRAIL was obtained by gel filtration chromatography.
Preparation and characterizations of PEG-HZ-TRAIL
The site-specific PEGylation of the NH 2 terminus of HZ-TRAIL with mPEG-ALD (molecular weight, 5,000 Da; NOF) was carried out by reductive amination in the presence of 20 mmol/L sodium cyanoborohydride (NaCNBH 3 ) in 50 mmol/L acetate buffer at pH 5.0 (I = 0.15). Owing to the relatively lower pKa values of the α-amino group (NH 2 -terminal amine) than that of ε-amino group of internal lysine residues, the reductive amination reactions can show the excellent selectivity of NH 2 -terminal-specific PEGylation at cold acidic environment (34) . Initially, reaction conditions were optimized for PEG-HZ-TRAIL/HZ-TRAIL molar ratio and reaction time by size exclusion chromatography monitoring. PEG-HZ-TRAIL was prepared using these optimized conditions (PEG-HZ-TRAIL/HZ-TRAIL molar ratio of 7.5:1, reaction time of 12 h at 4°C). In addition, the random PEGylation of HZ-TRAIL at lysine residues (ε-NH 2 , ran-PEG-HZ-TRAIL) was carried out using conventional PEGylation methods using NHS-activated PEG (mPEG-SPA; molecular weight, 5,000; Nektar) at a PEG-HZ-TRAIL/HZ-TRAIL molar ratio of 7.5:1 (in 20 mmol/L PBS, pH 7.5). The PEGylated HZ-TRAIL so produced was recovered by gel filtration chromatography. Finally, the PEGylated HZ-TRAIL fraction was collected, concentrated by ultrafiltration, and stored at −20°C until required.
PEGylation procedures were confirmed by size exclusion chromatography. The molecular weights of HZ-TRAIL, PEG-HZ-TRAIL, and the bovine serum albumin (BSA) standard were determined using a Superose 12 HR 10/30 column (GE Healthcare), equilibrated with 20 mmol/L acetate buffer (with 100 mmol/L NaCl, pH 5.0), and eluted at a constant flow rate of 0.75 mL/min. SDS-PAGE and Western blot were done to identify PEGylated HZ-TRAIL. After Western blotting, immunoreactive bands were quantified by scanning and using the Scion densitometry program (Scion Images for Windows Release Beta 4.02). NH 2 -terminal-specific PEGylation was identified by matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) mass spectrometry after proteolytic digestion. Briefly, after purification of HZ-TRAIL or PEG-HZ-TRAIL monomers from SDS-PAGE separations (22-and 32-dlaton (Da) position bands, respectively), the protein solutions (100 μg/mL in PBS, 100 μL) were incubated with 5 μL of endoproteinase Lys-C solution (100 μg/ mL in PBS) at 37°C for 120 minutes. Then, the respective Lys-C-digested samples were characterized by MALDI-TOF by using α-CHCA as an ionization matrix, as previously described (31) .
In vitro biological activities of HZ-TRAIL and PEG-HZ-TRAIL
The . Media were then replaced with fresh serum-free DMEM or InVitroGRO HI (hepatocytes), and predetermined amounts of HZ-TRAIL or PEG-HZ-TRAIL were added to final concentrations of 0 to 1,000 ng/mL. The in vitro cytotoxicities of the HZ-TRAIL and PEG-HZ-TRAIL produced were determined using MTT assays after treating cells for 24 hours.
To determine the apoptotic activities of HZ-TRAIL and PEG-HZ-TRAIL on tumor cells (HCT116), cell deaths were quantified using Annexin-V-FLUOS staining kits. Briefly, 1 × 10 6 cells were seeded into six-well plates and incubated for 24 hours to ensure cell adhesion. Cells were then treated with 100 ng/mL HZ-TRAIL or 300 ng/mL PEG-HZ-TRAIL for 0, 3, 6, 12, and 24 hours, respectively. After treatment, cells were washed with PBS and stained with 100 μL of an Annexin V and propidium iodide labeling solution for 15 minutes. Finally, apoptotic and necrotic cells were analyzed by fluorescence microscopy (green for apoptosis, and yellow or red for necrotic cell).
In vitro stabilities of HZ-TRAIL and PEG-HZ-TRAIL
The in vitro stabilities of HZ-TRAIL and PEG-HZ-TRAIL in PBS were investigated by measuring solubility changes in isotonic buffer solution. After preparing HZ-TRAIL and PEG-HZ-TRAIL solutions [100 μg/mL in PBS (pH 7.4), I = 0.15), they were incubated at 37°C, and at 0, 10, and 30 minutes and 1, 2, 3, 6, 12, 24, 48, and 72 hours, 100 μL aliquots were centrifuged at 10,000 rpm for 20 minutes to remove denatured protein aggregates. Protein concentrations in supernatants were determined using bicinchoninic acid protein assays using BSA as a standard.
The biological stabilities of HZ-TRAIL and PEG-HZ-TRAIL were also investigated by measuring their cytotoxic effects on HCT116 colon tumor cells. Briefly, after preparing HZ-TRAIL and PEG-HZ-TRAIL solutions (10 μg/mL) in 50% rat plasma, samples were incubated at 37°C, and at 0, 15, and 30 minutes and 1, 3, 6, 12, and 24 hours, 100 μL aliquots were centrifuged at 10,000 rpm for 20 minutes to remove residual debris. HCT116 cells in 96-well cell culture plates were then treated with supernatants for 24 hours. Cell viabilities were determined using MTT assays.
In vivo pharmacokinetics of HZ-TRAIL and PEG-HZ-TRAIL
The pharmacokinetic characteristics of HZ-TRAIL and PEG-HZ-TRAIL were investigated in rats using an i.p. administration route. For these experiments, male Sprague-Dawley rats (200 g body weight) were cannulated in a jugular vein a day before the experiments. Animals were randomly divided to HZ-TRAIL and PEG-HZ-TRAIL groups (n = 4), and HZ-TRAIL (20 mmol/L acetate buffer, pH 5.0, 10 μg per rat) or the molar equivalent of PEG-HZ-TRAIL in PBS (pH 6.0) was administered i.p. Plasma samples were obtained at different times after injection by centrifugation and stored at −70°C until required for assay. Concentrations of HZ-TRAIL in rat plasma samples were measured using commercial TRAIL ELISA kits (BioSource International, Inc.). Pharmacokinetic parameters were calculated from plasma concentration profiles by using noncompartment model analysis.
In vivo antitumor activities of HZ-TRAIL and PEG-HZ-TRAIL
The antitumor effect of PEG-HZ-TRAIL was investigated in HCT116 tumor-bearing mice. Briefly, freshly harvested HCT116 cells (3 × 10 6 per mouse) were inoculated s.c. into the haunch of BALB/c athymic mice. Two days after inoculation, mice were treated with HZ-TRAIL (150 μg per mouse per day, i.p.) or PEG-HZ-TRAIL (150 μg per mouse per day, protein base, i.p.) for 10 days. Tumor volumes were continuously monitored. To evaluate dose-dependent antitumor activities, similar independent experiments at different PEG-HZ-TRAIL dosages (50, 150, and 500 μg per mouse per day, protein base, i.p.) were done using HCT116 colon tumor-bearing BALB/c athymic mice. Subsequently, tumor volumes were monitored for ∼21 days after tumor cell inoculation. Tumor volumes were calculated using longitudinal (L) and transverse (W) tumor diameters using the formula V = (L × W 2 )/2, and tumor growth inhibition (TGI) values were calculated using the formula TGI = (1 − TV sample /TV control ) × 100, where TV is the tumor volume.
Acute liver or kidney toxicities and in vivo tumor cell apoptosis were also investigated in HCT116 tumor-bearing BALB/c athymic mice. After tumor volumes had reached 50 to 75 mm 3 (∼5 d after tumor cell inoculation), HZ-TRAIL or PEG-HZ-TRAIL (150 μg per mouse, 300 μL injection) was administered i.p. At 24 hours after drug injection, liver, kidney, and tumor tissues and blood samples were recovered from euthanized animals for histochemical evaluations and hepatic side effect investigations, respectively. Tissue sections (5 μm) were then cut from 10% neutral buffered formalin-fixed and paraffin-embedded tissue blocks and stained with H&E for routine histology. Apoptotic cell death in liver and tumor tissues was visualized using terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assays (In Situ Cell Death Detection kits, Roche Applied Science). After TUNEL staining, sections were counterstained with H&E under a light microscope.
In vivo tumor targeting and the biodistributions of HZ-TRAIL and PEG-HZ-TRAIL
To evaluate in vivo tumor targeting, time-dependent excretion, and biodistribution, HZ-TRAIL and PEG-HZ-TRAIL were labeled with Cy5.5 [excitation/emission = 675 nm/695 nm, a near-IR (NIR) fluorophore; ref. 35] . Labeling was done by mixing HZ-TRAIL or PEG-HZ-TRAIL solutions (100 μg/mL in PBS, pH 7.4) with NHS-activated Cy5.5 and allowed to react overnight at 4°C. Reaction mixtures were concentrated by ultrafiltration and finally purified by gel filtration chromatography.
The Cy5.5-labeled HZ-TRAIL or PEG-HZ-TRAIL was injected i.v. into HCT116 tumor-bearing athymic BALB/c mice harboring tumors (average diameter, 5 mm) via a lateral tail vein (20 μg/mL, Cy5.5 based). Noninvasive NIR fluorescence images of mice were obtained using the eXplore Optix system (Advance Research Technologies, Inc.). Laser power and time settings were optimized at 25 μW and 0.3 second per point. To compare the timedependent excretion profiles of HZ-TRAIL and PEG-HZ-TRAIL, total NIR fluorescence intensities per selected region (1,000 mm 2 ) in whole body were calculated as a function of time. Their time-dependent excretion profiles were determined by calculating the ratios of whole-body fluorescence intensities at different times to whole-body fluorescence intensity at 1 hour after injection. The tumortargeting abilities of HZ-TRAIL and PEG-HZ-TRAIL were also evaluated by calculating the ratios of fluorescence intensities at tumor sites at different times versus fluorescence intensities at tumor sites at 1 hour after injection.
The biodistributions of HZ-TRAIL and PEG-HZ-TRAIL were determined using the NIR fluorescence images of dissected organs (96 h after injection; liver, lung, kidney, spleen, and heart), and tumors were obtained using a 12-bit charge-coupled device camera (Kodak Image Station 4000 MM) equipped with a C-mount lens and a Cy5.5 bandpass emission filter (680-720 nm; Omega Optical). Then, the obtained fluorescence images were further analyzed by NIH image software.
Results
Purifications of HZ-TRAIL and PEG-HZ-TRAIL
HZ-TRAIL was expressed in E. coli and purified by Ni-affinity chromatography. The HZ-TRAIL was successfully purified after sequential washing and finally 500 mmol/L imidazole elution from Ni-NTA column ( Supplementary   Fig. S1 ). HZ-TRAIL was obtained at high purity (>90%) without detectable impurities by SDS-PAGE and with a molecular size of∼66 Da, which suggested trimer formation by three monomeric units (22 Da; Supplementary  Fig. S1 ).
NH 2 -terminal-specific PEGylation of HZ-TRAIL was done under acidic aqueous conditions (pH 5.0; Supplementary Fig. S2 ). PEG-HZ-TRAIL was obtained by selective fractionation using gel filtration chromatography and analyzed by size exclusion chromatography using BSA (67 Da) and HZ-TRAIL (66 Da) controls. PEG-HZ-TRAIL eluted from the column with an estimated average molecular weight of 100 Da.
TRAIL PEGylations were examined in more detail by SDA-PAGE and Western blot. Due to denaturation during sample preparations, HZ-TRAIL produced only one band at 22 Da (monomer) by Coomassie blue-stained SDS-PAGE and by Western blotting (Fig. 1B) . However, NH 2 -terminal-specific PEGylated HZ-TRAIL (PEG-HZ-TRAIL) produced two distinct bands corresponding to HZ-TRAIL monomer at 22 Da and NH 2 -terminal-PEGylated HZ-TRAIL monomer at 32 Da. The PEGylated 32 Da is higher than the expected weight of 27 Da due to the larger hydrodynamic radius of PEG molecules in aqueous environment than that of protein molecules. Quantitative Western blot analysis revealed that PEG-HZ-TRAIL was composed of two HZ-TRAIL monomers and one PEGylated HZ-TRAIL monomer, presumably due to PEGylation of an available NH 2 terminus, because the introduction of the zipper sequences on NH 2 termini of TRAIL and resulting trimer formation might prevent the further PEGylations (Supplementary Fig. S3 ). Unlike the NH 2 -terminal PEGylation, the lack of selectivity of lysine residue random PEGylation resulted in a complex PEGylation pattern and the formations of multiple PEGylated TRAIL monomers. For more detailed confirmation of NH 2 -terminal-specific PEGylation, HZ-TRAIL or PEG-HZ-TRAIL monomers extracted after SDS-PAGE separations were subjected to MALDI-TOF mapping analysis followed by Lys-C digestion. Owing to the lysine-specific digestion, the NH 2 terminus containing Lys-C-digested fraction of HZ-TRAIL (m/z 1,539; Supplementary Fig. S4 , bottom) disappeared after PEGylation, and instead, a PEGylated NH 2 -terminal fraction (m/z of Mn = 6,700; Supplementary Fig. S4, top) was detected in the PEG-HZ-TRAIL digestion mixture.
In vitro biological activities of HZ-TRAIL and PEG-HZ-TRAIL
The biological activities, especially the tumor cell-specific cytotoxicities of HZ-TRAIL and PEG-HZ-TRAIL, were evaluated using normal fibroblast cells (CCD-986sk) or HCT116 tumor cells. As shown in Fig. 2A , HZ-TRAIL and PEG-HZ-TRAIL did not have a cytotoxic effect on normal cell lines (CCD-986sk). However, both HZ-TRAIL and PEG-HZ-TRAIL had a concentration-dependent cytotoxic effect on HCT116 human colon tumor cells. Similar to HCT116, the TRAIL-sensitive HeLa cervical cancer cells also showed dose-dependent cytotoxic effects on HZ-TRAIL or PEG-HZ-TRAIL treatments (IC 50 values of 3.35 and 14.83 ng/mL, respectively). In contrast, the PC3 prostate tumor cells showed mild TRAIL resistance with >75% of cell viability after 1,000 ng/mL HZ-TRAIL or PEG-HZ-TRAIL treatment (Supplementary Fig. S5 ). Irrespective to the TRAIL sensitivity, the in vitro cytotoxic effects of HZ-TRAIL were slightly reduced by the PEGylation. Because some preparations of recombinant TRAIL were reported to induce cell death in human hepatocytes, Figure 2 . In vitro biological activities of HZ-TRAIL and PEG-HZ-TRAIL. A, cytotoxic effects of HZ-TRAIL and PEG-HZ-TRAIL on CCD-986sk normal fibroblasts and on HCT116 tumor cells. B, effect of PEGylation methods on the cytotoxic effects of HCT116 human colon cancer cells. Lysine residue (random) PEGylation resulted in a significant reduction of tumor cell toxicity compared with that of NH 2 -terminal PEGylation. Time-dependent apoptotic tumor cell death induced by HZ-TRAIL (100 ng/mL; C) and PEG-HZ-TRAIL (300 ng/mL; D) as determined by Annexin V staining. HZ-TRAIL and PEG-HZ-TRAIL both induced HCT116 tumor cell death via apoptotic pathways. *, P < 0.05, Student's t test, compared with HZ-TRAIL; † , P < 0.05, Student's t test, compared with PEG-HZ-TRAIL.
we investigated the hepatocellular toxicity of HZ-TRAIL and PEG-HZ-TRAIL using primary human hepatocytes in vitro. HZ-TRAIL induced cell death in hepatocytes; however, PEG-HZ-TRAIL had little, if any, hepatotoxicity ( Supplementary Fig. S5 ).
Because HZ-TRAIL easily forms trimers due to the presence of the trimer-forming zipper sequence, HZ-TRAIL had an excellent apoptotic effect on HCT116 human tumor cells (IC 50 , 15.8 ng/mL; Fig. 2B ), whereas PEG-HZ-TRAIL showed slightly less biological activity (IC 50 , 66.7 ng/mL). However, PEGylation at lysine residues caused serious activity loss (IC 50 , >1,000 ng/mL), presumably because this impaired TRAIL recognition by death receptors. Furthermore, both HZ-TRAIL and PEG-HZ-TRAIL had a time-dependent apoptotic effect on tumor cells, as determined by selective Annexin V staining. After incubating HCT116 cells for 24 hours with 100 ng/mL HZ-TRAIL or 300 ng/mL PEG-HZ-TRAIL, 78.2 ± 4.2% and 66.7 ± 4.4% of cells, respectively, showed typical apoptotic cell death ( Fig. 2C and D; Supplementary Fig. S6 ).
In vitro physicochemical characterizations of PEG-HZ-TRAIL
The solution stabilities of HZ-TRAIL and PEG-HZ-TRAIL were investigated in physiologic PBS. As shown in Fig. 3A , HZ-TRAIL under physiologic conditions precipitated and aggregated rapidly. However, PEG-HZ-TRAIL showed excellent physiologic stability. Furthermore, although HZ-TRAIL did not aggregate at a concentration of 10 μg/mL, which is below its solubility limit (Fig. 3A) , its biological activity continuously diminished, presumably due to proteolytic degradation and/or denaturation. On the other hand, PEG-HZ-TRAIL maintained 80% of its apoptotic activity on HCT116 tumor cells after 24 hours of incubation in rat plasma (Fig. 3B) .
In vivo pharmacokinetics of PEG-HZ-TRAIL
Pharmacokinetic profiles showed that PEG-HZ-TRAIL retained it activity better than HZ-TRAIL in plasma. Pharmacokinetic evaluations revealed that the elimination half-life of TRAIL was significantly prolonged from 1.5 to 19.8 hours (Fig. 4) by PEGylation. Furthermore, drug bioavailability, as determined by area under the curve analysis, was dramatically enhanced (26-fold enhancement) by PEGylation (40.1 versus 1044.2 ng·h/min by HZ-TRAIL and PEG-HZ-TRAIL, respectively). 
In vivo antitumor activity of PEG-HZ-TRAIL
In vivo antitumor activity testing revealed that HCT116 cell growth was profoundly inhibited by PEG-HZ-TRAIL and not by vehicle alone (Fig. 5A and B) . Both HZ-TRAIL and PEG-HZ-TRAIL efficiently suppressed mean tumor growth, with mean TGI values of 37.8% and 74.8%, respectively (Fig. 5A) . Furthermore, TGI levels were maintained by PEG-HZ-TRAIL throughout the study period but were not maintained by HZ-TRAIL due to tumor rebound. Furthermore, the antitumor effect of PEG-HZ-TRAIL was superior to that of HZ-TRAIL. The absence of body weight loss revealed the absence of serious toxic side effects by HZ-TRAIL or PEG-HZ-TRAIL treatments ( Supplementary Fig. S7 ). Independent experiments also showed that PEG-HZ-TRAIL dose dependently suppressed tumor growth (Fig. 5B) .
Histologic examinations of liver tissues 24 hours after injecting 150 μg of HZ-TRAIL or an equimolar amount of PEG-HZ-TRAIL showed no detectable changes in H&E staining compared with the liver tissues of PBS-treated mice (Fig. 5C) . However, TUNEL assays of liver tissues showed that HZ-TRAIL induced apoptosis, whereas PEG-HZ-TRAIL did not (Fig. 5C) . Furthermore, TUNEL assays of tumor tissues from PEG-HZ-TRAIL-treated rats showed substantially more tumor cell destruction than those of HZ-TRAIL-treated rats (Fig. 5D) . Unlike the histologic investigations where HZ-TRAIL showed liver apoptosis, the liver function-related several biomarker levels in serum were not changed by the HZ-TRAIL or PEG-HZ-TRAIL treatments (Supplementary  Table S1 ). In addition, the histologic investigation (H&E staining) of kidney tissues also revealed the absence of acute renal toxicity by HZ-TRAIL or PEG-HZ-TRAIL injections (Supplementary Fig. S8 ).
In vivo noninvasive molecular imaging of PEG-HZ-TRAIL
Time-dependent NIR fluorescence imaging of HCT116 tumor-bearing mice followed by Cy5.5-labeled HZ-TRAIL or PEG-HZ-TRAIL injections produced interesting tumor targeting, clearance kinetics, and body distribution pattern results (Fig. 6A) . As illustrated in Fig. 6B , the monotonous clearance profiles of HZ-TRAIL and PEG-HZ-TRAIL were obtained without absorption phases due to the i.v. drug administrations. As expected, PEG-HZ-TRAIL showed significantly reduced clearance kinetics with more than three times enlarged clearance half-life (half-life values of 13.3 and 43.8 h by HZ-TRAIL and PEG-HZ-TRAIL, respectively; Fig. 6B ). In agreement with our pharmacokinetic evaluations, PEG-HZ-TRAIL showed long-acting characteristics by NIR molecular imaging. However, the bioimaging of tumor tissues showed different clearance characteristics for HZ-TRAIL and PEG-HZ-TRAIL. Unlike the continuous reduction (exponential decay pattern) in fluorescence intensity observed in tumor tissues after a single HZ-TRAIL injection, a single PEG-HZ-TRAIL injection resulted in a continuously elevated fluorescence intensity in tumor tissues for up to 48 hours and then slowly decreased (Fig. 6C) . Together, these data indicate that PEG-HZ-TRAIL possesses unique tumortargeting characteristics.
In vivo distribution of PEG-HZ-TRAIL
The biodistributions of HZ-TRAIL and PEG-HZ-TRAIL were investigated using a 12-bit charge-coupled device camera. At 96 hours after injection, all mice were sacrificed, and tumors and major organs (liver, lung, kidney, and spleen) were excised. The NIR fluorescence images of dissected tissues (Fig. 6D) showed that tumor and liver tissues in PEG-HZ-TRAIL-treated mice exhibited more fluorescence than HZ-TRAIL-treated mice. The quantitative analysis of the fluorescence images also revealed the improved PEG-HZ-TRAIL accumulation in tumor tissues than other organs, such as lung, kidney, and spleen. However, the HZ-TRAIL injection resulted in the uniform distribution of HZ-TRAIL on tumor and other organs (Supplementary Fig. S9 ).
Discussion
Although several biological issues related to TRAIL sensitivity and its cytotoxic effects on normal cells must be resolved (13-15, 36, 37) , TRAIL is of considerable clinical interest for cancer therapy due to its unique tumordirected apoptotic activities (2) (3) (4) (5) . Despite its clinical advantages, several pharmaceutical issues, such as the instability of TRAIL under physiologic conditions, its inability to form an active trimer, and its weak pharmacokinetic characteristics, hinder its use as a cancer treatment (16) (17) (18) (19) (20) . To address these pharmaceutical obstacles, researchers have focused on the development of TRAIL derivatives with improved tumor specificities and enhanced trimerforming abilities (18) (19) (20) (21) (22) (23) (24) (25) , although chemical modification offers an alternative approach. As occurs in natural systems, in which posttranslational modifications play important roles during the productions of new biological or functional entities, numerous strategies have been adopted to overcome the physicochemical and pharmaceutical shortcomings of therapeutic proteins. PEG conjugation, known as PEGylation, is one of the most successful of these strategies, and several PEGylated proteins are now used clinically (26, 27, 38) .
In this study, we designated a new version of TRAIL derivatives that readily form homotrimers, by introducing zipper sequences on the NH 2 terminus of TRAIL (114-281 sequence), and then PEGylated these derivatives using an NH 2 -terminal-specific PEGylation procedure to improve their pharmaceutical characteristics. The recombinant TRAIL variant with a 6× histidine tag and trimer-forming zipper sequences (HZ-TRAIL) showed greatest apoptotic activity on human tumor cell lines (HCT116 human colon tumor) and a negligible toxic effect on normal cells (Figs. 1 and 2) . Furthermore, PEG-HZ-TRAIL was found to be composed of one NH 2 -terminalPEGylated monomer and two non-PEGylated monomers and to induce tumor cell apoptosis specifically ( Fig. 1B;  Supplementary Fig. S3 ). However, random PEGylation on lysine residues (ran-PEG-HZ-TRAIL) resulted in heterogeneous PEGylation patterns with multiple PEGylations, and as was found for TNF PEGylation, where random PEGylation resulted in substantial activity loss (28, 39) , these different PEGylation patterns significantly and detrimentally affected the biological activity of PEGylated HZ-TRAIL. As shown in Fig. 2B , PEG-HZ-TRAIL showed well-preserved apoptotic activity compared with that of HZ-TRAIL. However, ran-PEG-HZ-TRAIL showed remarkably reduced antitumor activity of <2%, compared with HZ-TRAIL, presumably due to disrupted cognate receptor binding and signaling because the COOH-terminal extracellular domain of natural TRAIL plays a crucial role in TRAIL-mediated apoptosis (2, 40) . Furthermore, PEG-HZ-TRAIL did not induce cell death in human primary hepatocytes, whereas HZ-TRAIL induced cell death in hepatocytes. Although the mechanism of cytotoxicity in human hepatocytes by TRAIL is controversial, our results clearly indicate that PEGylation may improve the clinical usefulness of this reagent for treating cancer patients.
Perhaps the most promising characteristics of PEGylated proteins are their in vitro and in vivo stabilities. As shown in Fig. 3 , the instability of HZ-TRAIL under physiologic conditions is a serious obstacle to its application. Its precipitation and the associated side effects of activity loss and cytotoxicity to normal cells are presumably due to the tagging sequences used for its purification and the zipper sequences (14, 41) . However, the present study shows that these physiochemical limitations can be successfully overcome by PEGylation, and in particular, PEG-HZ-TRAIL showed superior solubility and stability under physiologic solutions (26, 27) . The improved in vitro physicochemical characteristics of PEG-HZ-TRAIL also improved in vivo pharmacokinetic characteristics. Several researches have reported that TRAIL is rapidly eliminated and has a short half-life (∼30 min in apes), mainly due to renal clearance (16, 17) . However, the increased molecular weight and the molecular shielding afforded by PEG dramatically enhance the pharmacokinetic profiles of PEG-HZ-TRAIL, as illustrated in Fig. 4 .
As an anticancer agent, PEG-HZ-TRAIL showed superior in vivo antitumor activity and caused massive tumor cell apoptosis compared with HZ-TRAIL (Fig. 5) . Interestingly, although acute HZ-TRAIL treatment resulted in hepatotoxicity in athymic mice, PEG-HZ-TRAIL did not show any noticeable hepatotoxicity according to histologic findings (Fig. 5C ). Considering the reduced in vivo hepatotoxic side effects and negligible in vitro cytotoxic effect on primary human hepatocytes of PEG-HZ-TRAIL, the PEGylation might be a successful approach to overcome the hepatotoxic side effect of TRAIL, presumably due to the PEG-mediated stabilization of HZ-TRAIL in physiologic condition. Furthermore, unlike that found in a previous study, in which TNF PEGylation did not induce a tumor-targeting effect (28), our noninvasive imaging experiments revealed that PEG-HZ-TRAIL targeted tumors, which we attribute to the effects of its improved solubility/stability and enhanced pharmacokinetic characteristics and to the intrinsic premature nature of tumor blood vessels (known as the enhanced permeation and retention effect; Fig. 6 ).
In this study, we applied NH 2 -terminal-specific PEGylation technology to develop pharmaceutically improved TRAIL derivatives with enhanced physicochemical, pharmacokinetic, and antitumor characteristics. PEG-HZ-TRAIL showed improved physiologic stability and a better pharmacokinetic profile than HZ-TRAIL with minimal activity loss. These improved pharmaceutical characteristics resulted in improved therapeutic effects in an animal colon tumor model without detectable side effects. Furthermore, PEG-HZ-TRAIL showed unique tumor accumulation characteristics, which is believed to be due to enhanced tumor targeting. These findings strongly suggest that the PEGylated TRAIL strategy has therapeutic potential for the treatment of cancers.
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